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Summary
Background: Base excision repair initiated by human
thymine-DNA glycosylase (TDG) results in the genera-
tion of abasic sites (AP sites) in DNA. TDG remains
bound to this unstable repair intermediate, indicating
that its transmission to the downstream-acting AP en-
donuclease is a coordinated process. Previously, we
established that posttranslational modification of TDG
with Small Ubiquitin-like MOdifiers (SUMOs) facilitates
the dissociation of the DNA glycosylase from the prod-
uct AP site, but the underlying molecular mechanism
remained unclear.
Results: We now show that upon DNA interaction, TDG
undergoes a dramatic conformational change, which
involves its flexible N-terminal domain and accounts for
the nonspecific DNA binding ability of the enzyme. This
function is required for efficient processing of the G•T
mismatch but then cooperates with the specific DNA
contacts established in the active site pocket of TDG
to prevent its dissociation from the product AP site af-
ter base release. SUMO1 conjugation to the C-teminal
K330 of TDG modulates the DNA binding function of
the N terminus to induce dissociation of the glycosyl-
ase from the AP site while it leaves the catalytic proper-
ties of base release in the active site pocket of the en-
zyme unaffected.
Conclusion: Our data provide insight into the molecu-
lar mechanism of SUMO modification mediated modu-
lation of enzymatic properties of TDG. A conformational
change, involving the N-terminal domain of TDG, pro-
vides unspecific DNA interactions that facilitate pro-
cessing of a wider spectrum of substrates at the expense
of enzymatic turnover. SUMOylation then reverses this
structural change in the product bound TDG.
Introduction
DNA base excision repair (BER) fixes damage to DNA
bases, including chemical modifications such as alkyl-
ations, oxidations, and deaminations but also the loss
of entire bases [1]. DNA glycosylases are responsible
for the initial recognition and excision of the irregular
bases. Human Thymine-DNA Glycosylase (TDG) is one
of these enzymes, best known for its ability to hy-
drolyze the N-glycosidic bonds of thymine and uracil
when mispaired with guanine, thereby initiating a BER
process that restores G•C base pairs [2]. Base hydroly-*Correspondence: primo.schaer@unibas.chsis generates the so-called abasic sites (AP sites).
These noninstructive DNA lesions impede DNA- and
RNA-polymerases, thus aborting replication or tran-
scription or provoking error-prone bypass synthesis [3].
Therefore, for BER to be faithful, initial recognition and
hydrolysis of a damaged base must be coupled to the
subsequent excision of the AP site and the restoration
of the original DNA strand integrity, which is accom-
plished by the concerted actions of an AP endonucle-
ase (APE1), a DNA polymerase (Polβ) and a DNA ligase
(e.g., the DNA ligase III/XRCC1) (reviewed in [4]). The
underlying mechanisms of coordination are currently
unknown.
Human TDG is a member of the MUG subfamily of
uracil DNA glycosylases (UDGs) that share a common
α/β fold structure in the catalytic CORE [5]. Bacterial,
yeast and insect orthologs have been characterized
biochemically [6, 7], among which the Escherichia coli
Mug protein, consisting of the conserved CORE do-
main only, defines the minimal structural requirement
for catalytic activity [8]. Crystallization studies with Mug
revealed a detailed structure-function concept for base
hydrolysis [9, 10], which is very likely to apply also to
the human TDG [11]. The crystals captured Mug insert-
ing a 3-amino-acid “wedge” into the DNA double helix
to flip out the mispaired substrate base and accommo-
date it in its rather spacious active site pocket. At the
active site, the asparagine of the conserved GINPGL
motif polarizes a water molecule for the nucleophilic
attack on the N-glycosidic bond [9]. The wedge, now
occupying the space of the missing base, establishes
specific hydrogen bonds with the Watson-Crick surface
of the widowed guanine [9], which accounts for the
mismatch dependency as well as the slow enzymatic
turnover of Mug [7].
Most, if not all, DNA glycosylases show some degree
of product inhibition because their dissociation from
the product AP site is rate limiting for enzymatic turn-
over [12–15]. This is most pronounced in the MUG pro-
teins. The eukaryotic TDGs bind AP sites with excep-
tional strength and are thus fully product inhibited [11,
16], whereas the bacterial Mug protein turns over in
base release assays, albeit with a very low rate [7]. This
difference suggests that unlike the bacterial Mug, the
eukaryotic counterparts employ a bifunctional mode of
substrate/product interaction, one provided by the spe-
cific opposite base contacts in the active site, the other
by an additional, unknown DNA binding activity. Natu-
rally, the implication of such tight interaction with the
product AP site is that TDG blocks progression of the
BER process. Hence, there must be a way for cells to
dissociate the glycosylase from the AP site so that it
becomes accessible for the AP endonuclease. Bio-
chemical evidence suggested that this might be ac-
complished by posttranslational modification of TDG
with Small Ubiquitin-like MOdifiers, the SUMO pro-
teins [16].
Mammalian cells posses three SUMO proteins
(SUMO1–SUMO3) that can be coupled to one or more
lysine residues of their targets. The process resembles
SUMOylation Modulates the Conformation of TDG
617Figure 1. Functional Domains of TDG Proteins
(A) Schematic alignment of the human TDG protein (TDG-FL) with orthologs from Drosophila melanogaster (dmThd1), Schizosaccharomyces
pombe (spThp1), and E. coli (ecMug). Shaded boxes indicate regions of highest sequence homology within the CORE domain (open box),
with the sequence motifs G(I/L)NPG(L/I) and VMPSSSAR(TDG) delineating residues that contribute critically to the active site architecture and
function of these enzymes [6, 9, 11]. Flanking dotted boxes indicate variable N- and C-terminal extensions seen in the eukaryotic enzymes.
The asterisk marks the SUMOylation site (K330) in the human TDG. Numbers indicate amino acid positions.
(B) Domain fragments of human TDG, which were expressed in E. coli, extracted and purified to near homogeneity. Numbers refer to amino
acid positions of the human TDG protein.
(C) Coomassie-blue-stained SDS-polyacrylamide gel showing purified 6-His-tagged TDG variants. N, TDG-N (1 g); C, TDG-C (3 g); N,
TDG-N (1 g); FL, TDG-FL (1 g); and CO, TDG-CORE (1 g). M, molecular weight marker.ubiquitylation and involves activating E1 (SAE1/SAE2)-,
conjugating E2 (UBC9)-, and ligating E3-enzymes
(PIAS, RanBP2) (reviewed in [17]). Effects as diverse as
the regulation of protein-protein and protein-DNA in-
teractions [18], the control of protein localization [19],
negative interference with ubiquitylation [20], and the
modulation of enzymatic activity [6, 21] have been as-
sociated with protein SUMOylation. Yet, very little is
known about the underlying molecular mechanisms.
This work provides insight into the molecular basis
of product inhibition of human TDG and the mechanism
of SUMOylation-induced AP site dissociation. Bio-
chemical examination of different deletion mutants re-
vealed that the catalytic CORE domain of TDG has en-
zymatic properties like the E. coli Mug protein; it
processes a G•U substrate with enzymatic turnover but
fails largely on a G•T substrate. In contrast, the full-
length TDG undergoes a conformational change upon
contacting DNA. This involves its flexible N-terminal
domain and mediates a tight interaction with the sub-
strate/product DNA, which facilitates G•T processing
but inhibits AP-site dissociation. We demonstrate how
SUMOylation in the C-terminal domain alters this con-
formation of the N terminus in a way that allows TDG
to dissociate from the product AP site.
Results
Rationale and Design of Functional
Domain Analyses
Amino acid sequence comparisons of the TDG or-
thologs of species across the phylogeny reveal an evo-lutionary conservation of a central domain, the CORE.
By contrast, the extra N- and C-terminal domains seen
in the eukaryotic proteins are highly variable (Figure 1A)
[6]. Structural and functional analyses of Mug and hu-
man TDG identified discrete sequence motifs within the
conserved CORE that determine the architecture of the
catalytic pocket and constitute the active site of these
glycosylases [6, 9, 11].
We found that SUMO1 attachment to the C-terminal
lysine K330 of human TDG stimulates uracil processing
on a G•U substrate but reduces its capacity to excise
thymine from G•T mismatches [16]. A similar change of
substrate preference was reported previously for an in
vitro-translated N-terminal truncation of TDG (amino
acids 112–410) [8]. These observations suggested that
SUMOylation of TDG in its C terminus might affect the
function of its N terminus. Hence, to investigate the
functions of the N- and C-terminal domains in substrate
processing, we generated constructs for bacterial ex-
pression of a series of domain deletion variants of TDG
(Figure 1B). In all cases, a cloning strategy was chosen
that adds an N-terminal 6-His tag and a few amino
acids beyond the postulated domain borders to ensure
proper protein folding. After overproduction in E. coli,
the TDG proteins were extracted and purified to near
homogeneity (Figure 1C). Besides the full-length TDG
(TDG-FL, amino acid residues 1–410), this yielded four
truncated proteins: TDG-CORE (residues 111–308),
TDG-C (residues 1–308), TDG-N (residues 111–410),
and TDG-N (residues 1–124). These were all fully solu-
ble and, with the exception of TDG-N, enzymatically
active.
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For each TDG protein, we measured the capacity to generate alka-
line sensitive AP sites on 5#-fluorescein-labeled 60-mer G•U
(squares) and G•T (circles) substrates [11]. 10 nM of TDG-FL (A),
TDG-C (B), TDG-N (C), and TDG-CORE (D) were incubated with F
100 nM (TDG-FL, TDG-C) or 200 nM (TDG-N, TDG-CORE) of d
substrate DNA. Reaction products were separated on 15% dena- (
turing polyacrylamide gels and quantified by fluorescence scan- o
ning on a Storm 860 (Molecular Dynamics). Shown is the time 2
course of G•U and G•T nicking resulting from three independent m
experiments; the dotted line indicates the turnover threshold (prod- T
uct/enzyme ratio 1:1). (E) AP-site binding and dissociation was (
measured by EMSA. 4 pmol of TDG-FL (lanes 1–3) or TDG-C 1
(lanes 4–6), or 10 pmol of TDG-CORE (lanes 7–9), TDG-N (lanes s
10–12), or TDG-N (lane 13) were incubated with 2 pmol of labeled o
AP-site substrate to allow protein-DNA complexes to form. AP-site A
dissociation was measured upon addition of 20 pmol of nonlabeled s
homoduplex (lanes 2, 5, 8, and 11)- or AP-site-containing competi- (
tor DNA (lanes 3, 6, 9, and 12). Bound fluorescein-labeled substrate w
was separated from free substrate DNA in 6% native polyacryl- w
amide gels. Shown is a representative experiment. F
D
aigure 3. Binding of TDG Domains to a DNA Stem Loop and Homo-
uplex DNA
A) The stem-loop substrate indicated was generated by annealing
f an 88-mer oligonucleotide containing a palindromic insertion of
8 nucleotides with a complementary 5# fluorescein-labeled 60-
er oligonucleotide lacking the palindromic insertion. 10 pmol of
DG-FL (lanes 1, 2, and 3), TDG-C (lanes 4, 5, and 6), TDG-CORE
lane 7), TDG-N (lane 8), TDG-N (lane 9), or TDG-SUMO1 (lane
0) were incubated with 2 pmol of the stem-loop substrate. The
pecificity of stem-loop binding was tested by addition of 20 pmol
f a 60-mer homoduplex- or G•AP-site-containing competitor DNA.
fter separation on a native 6% polyacrylamide gel, bound and free
ubstrates were visualized by fluorescence scanning.
B) The requirement of TDGs N terminus to bind homoduplex DNA
as tested in a dissociation experiment. 10 pmol of TDG proteins
ere incubated with 2 pmol of homoduplex DNA. Binding of TDG-
L or TDG-C to homoduplex DNA is shown without competitor
NA (lanes 1 and 4), with 20 pmol homoduplex competitor (lanes 2
nd 5), and with 20 pmol G•AP competitor (lanes 3 and 6). Binding
of the TDG-CORE (lane 7), TDG-N (lane 8), and TDG-N (lane 9) to
homoduplex DNA was tested in absence of a DNA competitor.Removal of the N-Terminal Domain Converts TDG
into a Turnover Enzyme with Reduced G•T
Processing Activity
Typically, full-length TDG processes G•U and G•T sub-
strates with relatively high initial rates in a reaction that p
gplateaus when the product/enzyme ratio approaches
one [6, 11], reflecting the product inhibition. We ana-
clyzed the potential of our TDG variants to excise thy-
mine and uracil opposite guanine from a 60-mer-oligo- i
snucleotide duplex substrate in a standard base release
assay [11]. Both, TDG-FL (Figure 2A) and the TDG-C (
ofragment (Figure 2B) processed G•U and G•T with high
initial rates but without any enzymatic turnover. Thus, s
lTDG-C processes these classical substrates in aroduct-inhibited reaction that is qualitatively indistin-
uishable from the wild-type TDG-FL.
Next, we investigated G•U and G•T substrate pro-
essing of the TDG-CORE and TDG-N proteins. Strik-
ngly, the TDG-CORE domain processed the G•U
ubstrate more efficiently than the full-length protein
Figure 2D). Within 120 min of incubation, one molecule
f TDG-CORE processed at least two molecules of G•U
ubstrate, indicating a slow enzymatic turnover. Simi-
arly, the TDG-N protein processed G•U substrate with
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Enzyme Vmax (nM min−1) Km (nM) kcat (min−1)
TDG-FL-SUMO1 0.5 117 0.05
TDG-N 0.33 280 0.03
TDG-N-SUMO1 0.5 345 0.05
TDG-FL 0 (no turnover) nd 0 (no turnover)
TDG-C 0 (no turnover) nd 0 (no tunrover)
Standard base release assays were performed to measure the kinetics of uracil excision, i.e., generation of alkaline-sensitive sites. The
reactions were done in the presence of 10 nM of TDG protein and varying G•U substrate concentrations (31 nM, 62 nM, 125 nM, 250 nM,
and 625 nM). Shown are the Michaelis-Menten parameters, Vmax, Km, and kcat, resulting for the TDG proteins that show enzymatic turnover
(Figure S3).an enzymatic turnover, yielding four products per en-
zyme in the same time period (Figure 2C). Both TDG
variants also processed the G•T substrate, albeit with
a much lower efficiency than TDG-FL. Using these en-
zymes with different concentrations of substrate, we
consistently found an increased rate of uracil process-
ing being coupled with a decreased rate of thymine re-
lease (data not shown). This difference in G•U- and
G•T-processing efficiency was clearly less pronounced
for TDG-FL (Figure 2A) and TDG-C (Figure 2B) and
appears to reflect a reduced initial rate of thymine hy-
drolysis in the absence of the enzyme’s N terminus.
Previous DNA binding studies uncovered two distinct
modes of DNA interactions for TDG: a weak and revers-
ible binding to homoduplex- and G•T-mismatched DNA
substrates and a robust, nearly irreversible binding to
G•U- and G•AP-site-containing DNA [11]. This sug-
gested that substrate affinity is a rate-limiting factor for
G•T processing by TDG. Given this, the poor G•T pro-
cessing activities of TDG-N and TDG-CORE might re-
flect a critical role of the N terminus in mediating the
tight protein-DNA interactions required for thymine ex-
cision. To address directly the DNA interaction proper-
ties of our TDG variants, we measured AP site dissoci-
ation of all proteins, making use of an electrophoretic
mobility shift assay (EMSA) [11]. Preformed TDG-AP
site DNA complexes were thus chased with a 10-fold
molar excess of nonlabeled homoduplex- or G•AP-site-
containing DNA substrate (Figure 2E). The results
showed that upon addition of either of these competi-
tor DNAs, TDG-FL and TDG-C remained attached to
the originally bound AP site. By contrast, the proportion
of AP site bound TDG-CORE and TDG-N decreased
rapidly (within less than a minute; data not shown) after
addition of the nonlabeled G•AP site-containing com-
petitor, reflecting an enhanced dissociation of both
these proteins from the AP site. The N-terminal domain
itself did not bind AP-site-containing oligonucleotides
with detectable stability (Figure 2E). These data sug-
gest that the N-terminal domain of TDG is an important
structural element that mediates stable protein-DNA
contacts, thereby facilitating G•T processing at the ex-
pense of enzymatic turnover.
Mismatch Dependency of TDG Is a Function
of Its Catalytic Domain
All proteins of the MUG family of DNA glycosylases
show double-strand and mismatch specificity, they ex-
cise irregular bases opposite a guanine in the comple-mentary DNA strand with a high preference [6, 8]. This
finds an explanation in the crystal structure of substrate
bound E. coli Mug, which captured the active site of
the enzyme establishing specific hydrogen bonds with
the guanine opposite the AP site [9, 10]. To examine a
possible contribution of the N-terminal domain of TDG
in complementary base discrimination, we measured
the abilities of TDG-FL and TDG-CORE to release uracil
and hypoxanthine (X) opposite guanine, adenine, and
thymine. Both, TDG-FL and TDG-CORE processed ura-
cil from G•U and to a lesser extent from A•U and from
T•U substrates (see Figure S1 available with this article
online). Both enzymes also processed hypoxanthine
but only when it was presented opposite G. Lastly, nei-
ther of them was able to remove uracil from single-
stranded DNA (data not shown). Hence, the N-ter-
minally truncated TDG shows double-stranded DNA
dependency and opposite G preference like the full-
length protein. Yet, its G•T processing efficiency is
drastically reduced, suggesting a function of the N ter-
minus in facilitating the processing of certain subopti-
mal substrates.
The N Terminus of TDG Mediates
Tight DNA Interactions
The sequence spanning amino acids 41–90 in the N ter-
minus of human TDG has HMGA protein-like features
(data not shown). HMGA proteins typically have a gen-
eral DNA binding ability with a particularly high affinity
to duplexes with distorted secondary structures [22].
We therefore examined whether TDG would bind a DNA
substrate with stem-loop structure (Figure 3A). Indeed,
EMSAs revealed a robust and highly specific binding of
TDG-FL and TDG-C to such a substrate, resisting
even the addition of a 10-fold molar excess of homodu-
plex- or G•AP-site-containing competitor DNA. By con-
trast, neither the TDG variant lacking the N terminus,
nor the purified N-terminal domain, nor SUMOylated
full-length TDG were able to bind the stem-loop under
identical experimental conditions (Figure 3A). Notably,
no base excision occurred in this substrate, eliminating
the possibility of TDG binding to G•AP sites, resulting
from processing of G•T mispairs that could arise in
nonperfectly annealed oligonucleotides (data not shown).
Next, we addressed the function of the TDGs N-ter-
minal domain in homoduplex DNA binding [11]. TDG-
FL and TDG-C bound homoduplex oligonucleotides
with appreciable efficiency both in the absence and in
the presence of unlabeled homoduplex or G•AP site-
Current Biology
620Figure 4. DNA Binding Induces Conformational Changes in TDG
The TDG variants were subjected to partial tryptic digest. TDG-FL (4 g) (A), TDG-SUMO1-GST (0.1 g) (B), and BSA (4 g) (C) were incubated
with or without a stoichiometric amount of G•U substrate and then partially digested with trypsin for 10 min (lanes 2, 3, 8, 9, 13, and 14) or
30 min (lanes 5, 6, 10, and 11). The resulting peptide fragments were separated on 14% SDS-polyacrylamide gels and visualized by Coomassie
blue staining (A and C) or by Western blotting with the polyclonal anti-TDG antibody (B). (D) 2.2 pmol TDG-SUMO1 conjugate (S) and
unmodified TDG (10% input in lanes 1 and 2) were incubated with trypsin in the absence (lanes 3 and 4) or presence of 22 pmol DNA substrate
(lanes 5 and 6) for 10 min. Reaction products were separated by SDS-PAGE as above and first analyzed by Western blotting with the
polyclonal TDG antibody (lanes 1–6). The same membrane was stripped and hybridized with a monoclonal anti-TDG antibody directed against
the N terminus of TDG (lanes 7–10). The specificity of this antibody was confirmed by probing a dot blot with the indicated amounts of TDG
proteins with the antibody. (E) 1 pmol of G•U substrate was incubated with 1 pmol of protein and analyzed as described before to test the
activity of modified (TDG-SUMO1-GST, lane 1) and unmodified TDG (TDG, lane 3). Lane 2 shows the G•U substrate control.containing competitor DNAs (Figure 3B). By contrast, W
adeletion of the N terminus (TDG-CORE, TDG-N) re-
sulted in a complete loss of homoduplex DNA binding t
yactivity, and the purified N-terminal domain failed to
stably interact with the homoduplex substrate. t
yThese data show that the N-terminal domain confers
HMGA-like functionality to TDG and thereby deter- j
nmines the general, nonspecific DNA binding properties
of the glycosylase. Strikingly, truncation of the N-ter- (
nminal domain as well as SUMO1 attachment to full-
length TDG both lead to the loss of DNA stem-loop 2
t(Figure 3A) and homoduplex binding (Figure 3B and
data not shown) suggesting that SUMOylation at the a
rC terminus affects the functional properties of the N
terminus and, thus, modulates the DNA binding capac- t
tity of TDG.
u
Insight into the Mechanism
of SUMO-Mediated Turnover m
mWe showed previously that C-terminal SUMO1 modifi-
cation stimulates the enzymatic turnover of TDG [16].e now learn that the N-terminal domain of TDG medi-
tes the DNA-protein interactions that inhibit enzymatic
urnover. Thus, the question arises whether SUMO-
lation modulates the DNA binding function of the N
erminus. To test this, we established an in vitro SUMO-
lation system to produce and purify TDG-SUMO1 con-
ugates under well-defined conditions. We purified to
ear homogeneity the recombinant E1 (SAE1/SAE2), E2
UBC9), and SUMO1 (GST-tagged SUMO1) compo-
ents of the human SUMO conjugation pathway [23,
4]. In a buffer containing an ATP regeneration system,
hese proteins modified recombinant human TDG-FL
nd TDG-N with high efficiency and specificity. The
esulting TDG-SUMO1-GST conjugates were coupled
o a GST affinity matrix, washed extensively, eluted by
hrombin cleavage of the GST tag (Figure S2), and then
sed for biochemical analyses.
The question to be addressed was whether the enzy-
atic turnover gained by deletion of the N-terminal do-
ain of TDG or by SUMO modification of its C terminusreflects inactivation of the same underlying mechanism
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tions Associated with Base Excision by TDG
Experimental evidence predicts four dif-
ferent conformational states of TDG. (A)
DNA-free TDG has an open conformation.
(B) Upon encountering a DNA molecule, the
N terminus forms a closed structure with the
catalytic CORE, mediating nonspecific DNA
binding. This mode of interaction may allow
TDG to slide along the DNA, to dissociate
and reassociate with DNA, in search for a
potential substrate. (C and D) G•U- or G•AP-
site bound TDG reflects a third conforma-
tional state where an amino acid wedge pen-
etrates the DNA duplex and forms specific
contacts with the guanine opposite. The
nonspecific and the specific DNA contacts
now cooperate to prevent the dissociation of
TDG from the substrate. (E) SUMO modifica-
tion of TDG then induces a fourth conforma-
tional state, neutralizing the nonspecific DNA
interactions of the N terminus and facilitating
the dissociation of the enzyme from the AP
site. (F) APE1 gains access to the AP site
and carries on the BER process. Demodifi-
cation by SENP proteins allows recycling of
TDG and SUMO.of product inhibition. We thus compared the Michaelis-
Menten parameters of the SUMOylated TDG-FL, non-
modified TDG-N, and SUMOylated TDG-N in a base
release assay with a 60-mer G•U oligonucleotide sub-
strate (Figure S3 and Table 1). This revealed that dele-
tion of the N terminus and SUMOylation of the C termi-
nus both give rise to an enzymatic turnover with a
similar catalytic rate (TDG-N kcat = 0.03 min−1, TDG-
FL-SUMO1 kcat = 0.05 min−1). Moreover, no further rate
enhancement was noticeable when we combined
N-terminal truncation with SUMO1 modification (TDG-
N-SUMO1 kcat = 0.05 min−1). Thus, SUMOylation-
induced turnover of TDG depends on a functionally in-
tact N-terminal domain.
These results lead to the conclusion that TDG exists
in two kinetic states: one represented by TDG-FL and
TDG-C, which are fully AP site inhibited and therefore
not amenable to Michaelis-Menten kinetics, and an-
other represented by TDG-N, TDG-N-SUMO1, and
TDG-FL-SUMO1, all of which show the same enzymatic
turnover. This suggests a role of SUMOylation in modu-
lating the structural and functional properties of the N-ter-
minal domain to enable dissociation of TDG from the
product AP site.
The N Terminus of TDG Forms a Reversible Clamp
upon Interaction with DNA
A plausible mechanistic explanation of the kinetic data
is that SUMO1 attachment to TDG alters the conforma-
tion of its N terminus. To test this, we subjected TDG-
FL and TDG-FL-SUMO1 to partial proteolysis by trypsin
digestion in the presence or the absence of a G•U oli-
gonucleotide substrate (Figure 4). This revealed a clear
DNA dependency of the pattern of proteolytic frag-
ments generated from TDG-FL. Apparently, binding to
DNA induced a conformational change, which sensi-
tized specific regions of the glycosylase to rapid prote-
olysis (Figure 4A). A control digest with BSA showed nosuch DNA dependency, thus excluding an unspecific
effect of the DNA on the protease (Figure 4C).
Next, we subjected the SUMOylated TDG variant to
an identical partial proteolysis experiment. Interest-
ingly, when TDG was SUMO modified, the pattern of
proteolytic fragments did not change upon addition of
a G•U substrate (Figure 4B), although the undigested
protein was fully active on this substrate (Figure 4E). To
compensate for the reduced DNA binding affinity of the
SUMOylated TDG, we repeated the proteolysis experi-
ment with varying molar excesses of DNA substrate
over TDG-SUMO1 protein and analyzed proteolysis by
Western blotting. This yielded essentially the same re-
sult; nonmodified TDG was digested differently in the
presence of DNA than in its absence, whereas proteoly-
sis of SUMOylated TDG was largely DNA independent
(Figure 4D). These results show that SUMOylated TDG,
unlike nonmodified TDG, does not alter protease sensi-
tivity and, thus, does not undergo a pronounced con-
formational change in the presence of DNA. Notably,
DNA independency of proteolysis was also observed
when we subjected the TDG-CORE and TDG-N, both
lacking the N-terminal domain, to the same analysis
(data not shown).
All biochemical evidence suggests that SUMO1, con-
jugated at the C terminus of TDG, interacts functionally
with the N terminus to neutralize its DNA binding ca-
pacity. We therefore tested specifically whether the
conformation of the N-terminal domain is different in
nonmodified and SUMOylated TDG protein. Western
blot analyses with a monoclonal antibody directed
against the N terminus of human TDG indeed detected
a proteolytic fragment of about 27 kDa in the partial
tryptic digest of the TDG-SUMO1 conjugate, but not of
the unmodified TDG protein (Figure 4D). We therefore
conclude that the SUMO1 protein interacts functionally
with the N-terminal domain of TDG to prevent its con-
formational change upon DNA binding or to reverse the
conformation induced by DNA binding.
Current Biology
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dWe reported previously that SUMO1 modification helps
dTDG dissociate from product AP sites, facilitating enzy-
(matic turnover on a G•U substrate while significantly
sreducing G•T processing capacity [16]. Now, we pro-
tvide biochemical evidence to explain these effects
fmechanistically; our data establish that SUMOylation at
bthe C terminus of TDG induces a specific conforma-
otional change of its N-terminal domain, which alters the
iDNA interaction properties of the glycosylase but
Dleaves its catalytic activity largely unaffected. These
tfindings suggest that the thymine-processing ability of
TTDG and SUMO-inducible AP-site dissociation have
oevolved in a concerted manner.
wThe MUG, UNG, and SMUG1 subfamilies of UDGs
temploy different strategies for substrate discrimination.
uIn UNG and SMUG1, it is the highly restrictive active-
[site geometry that defines a rather narrow spectrum of
tsubstrates [25–28]. By contrast, the active site of Mug
tlies in an extended hydrophobic cavity that can accom-
amodate a comparably broad range of damaged purine
aand pyrimidine bases [7, 10]. Although the general ar-
wchitecture of the active site appears to be conserved in
sall proteins of the MUG subfamily, different orthologs
ahave distinct but overlapping substrate spectra [6]. Our
cdata now reveal that removal of the nonconserved
DN-terminal domain converts the human TDG into an en-
azyme with properties similar to those of the E. coli Mug;
fit processes a G•U substrate with an enhanced rate, but
[thymine excision and unspecific DNA binding is virtually
absent. The amino acid sequence of this N-terminal do-
fmain shows HMGA-protein-like features. Consistent with
aHMG-protein functionality [29], the full-length TDG but
aneither of the N-terminally truncated variants has ap-
spreciable affinities to DNA stem-loops, four-way junc-
itions (data not shown), and homoduplex DNA. Like-
awise, the TDG ortholog of Drosophila, which processes
tG•T substrate [6], contains two minor groove HMG
ADNA binding motifs (so-called AT-hooks) in its N termi-
ynus [30], but the fission yeast ortholog, unable to pro-
acess G•T mispairs, has no HMGA-protein-like sequence
imotifs in the N terminus [6]. Together, these findings
strongly suggest that rather than affecting the catalytic
properties of TDG’s active site, the N terminus provides S
additional DNA binding capacity, facilitating processing S
mof energetically less-favorable substrates, including the
hG•T mispair, at the expense of enzymatic turnover.
Biochemical evidence established previously that
TDG interacts with DNA in two substrate-dependent A
modes; it binds homoduplex- and G•T-mismatched
DNA with a low affinity, but G•U- and G•AP-site-con- M
taining DNA duplexes with a very high affinity [11]. The R
adata presented herein provide deeper insight into the
mdynamics and the sophistication of the DNA interac-
stions associated with substrate processing by TDG p
(Figure 5). The reversible nature of the homoduplex- or
G•T-DNA interaction must now be interpreted to reflect
R
a conformational state where the N terminus of TDG R
mediates nonspecific DNA binding. This state is in- A
Pduced through a conformational change of TDG, which
occurs upon initial DNA contact and involves its N-ter-
Rminal domain. The nonspecific mode of this DNA in-
teraction may allow TDG to slide along the DNA in
search for a potential substrate base (Figure 5B). Whent then encounters a mismatched substrate, residues
f its active site pocket penetrate the DNA duplex to
islocate the base to be excised and to establish hy-
rogen-bonding interactions with the guanine opposite
Figure 5C) [10]. These specific contacts at the active
ite and the nonspecific DNA interaction mediated by
he N terminus then act cooperatively to bind TDG
irmly to the substrate. After excision of the mispaired
ase, the same DNA interactions prevent dissociation
f TDG from the product AP site (Figure 5D). Notably,
ncubation of TDG with G•C- or G•AP-site-containing
NA prior to limited proteolysis resulted in nearly iden-
ical patterns of peptide fragments (data not shown).
his implicates that no further conformational changes
ccur during and after the process of base flipping,
hich is consistent with crystallographic data showing
hat Mug undergoes only a minor structural alteration
pon binding to a nonhydrolyzable substrate analog
10]. SUMOylation of DNA bound TDG then neutralizes
he nonspecific DNA interaction of the N terminus and,
hus, abolishes cooperativity of DNA binding with the
ctive site pocket (Figure 5E). This is supported by
bsence of DNA-dependent conformational changes
hen TDG is SUMOylated, suggesting that the glyco-
ylase assumes an open state conformation upon SUMO1
ttachment. Although the CORE domain still maintains
ontacts to the widowed guanine, the loss of additive
NA interactions by the N terminus enhances dissoci-
tion of the enzyme from the AP site, which is then
urther processed by the downstream factors of BER
31] (Figure 5F).
This study provides first insight into the structure-
unction relationships underlying substrate preference
nd product inhibition of human TDG. Our data support
mechanistic model in which SUMOylation alters the
tructure of the N terminus of TDG in a way suitable to
nduce dissociation of the glycosylase from the AP site
nd, thus, to coordinate the handover of the repair in-
ermediate to the downstream-acting enzymes of BER.
more detailed understanding of the effect of SUMO-
lation on functionality of TDG will require structural
nalyses of nonmodified and modified full-length TDG
nteracting with its substrates and product.
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